The presence of numerous haors (seasonal lakes), and the occurrence of flash floods and sedimentation are among the dominant physical and hydro-climatic features of North-East Bangladesh. These features for one of the haors (Hail Haor) in the region are studied using a conceptual hydrological model and a hydraulic routine. The hydrologic model used for daily runoff estimation from rainfall and evaporation information is the widely used tank model. Both soil-moisture movement and stream-flow routing are considered in the developed model. The tank runoff is used as an input to a hydraulic routine for estimation of stream water temperatures and suspended sediment load. Based on the stream sediment concentration, sedimentation in a downstream lake (Hail Haor) is estimated and it is found to be about 25 mm per annum. The relationship between monsoonal flooding and thermal response of the haor is investigated with one-year measured data of haor temperatures and water level. Different heat fluxes and thermal stability parameters are also estimated. The advection flux and the Richardson number are found to be sensitive to flooding in the haor. The unique feature of the Hail Haor found in the context of lake ecology is that thermal stratification occurs during sunny days under calm weather and complete mixing occurs in the event of large flash floods.
INTRODUCTION
North-East Bangladesh is characterized by the presence of numerous large, bowl-shaped floodplain depressions, known as haors. There are about 47 major haors with a total area of about 8000 km 2 in the region. The haors are important habitats for migratory winter birds and some rare species of aquatic flora and fauna. Numerous rivers rising in the hills of India supply water to the haors during the monsoon season. The extreme flashy character of the rivers and higher monsoonal rainfall in the region compared with other parts of the country cause frequent flash floods in the haors. The area of inundation ranges from 8000 km 2 in 1986 to 10000 km 2 in 1988, while the flood volume is about 15-35 km 3 with an average depth of inundation of 2-3 m (Okubo, 1997) . The flood water is highly turbid and the sediments get deposited on the haor bottom due to dense vegetation. This process of sedimentation is reducing the storage capacity of the haors and poses a threat to their mere existence in the future. We studied such sedimentation in the case of Hail Haor ( Figure 1 ) using a combined hydrologic and hydraulic modeling approach. The hydrologic model used is the popular tank model for runoff simulation from rainfall and evapotranspiration inputs, and the hydraulic routine is based on the regime theory and resistance laws. The hydraulic routine uses the tank model output, i.e. river discharge, as its input.
The haor ecosystem experiences two alternate hydro-meteorological forcings from flash floods and calm and sunny weather. In the event of large flash floods, the haor water gets mixed and nutrients and oxygen exchanges occur between different water layers. This happens about 4-6 times a year and is good for ecological health and diversity. Between the two successive flash floods, thermal stratification occurs in the haors when calm wind condition and sunny days prevail.
Stratification is due to the buoyancy stock, which works as the potential energy (stabilizer) in the haor. Advection flux of momentum due to flash floods, or negative buoyancy of sediment, is the kinetic energy which destroys stratification. The ratio of these two in non-dimensional form is a sort of Richardson number. We studied the thermal stratification in the Hail haor in relation to flash floods and evaluated different fluxes and the stability parameter.
TANK MODEL FOR SIMULATION OF DISCHARGE
The tank model (Sugawara, 1979 (Sugawara, , 1995 Sugawara et al., 1984 ) is a lumped, conceptual model, in which a watershed is considered as a cascade of several vertical tanks. The model is built primarily on the concept of a linear reservoir. A number of forms of this model have been reported in the literatures and the model has been widely applied all over the world for simulation of rainfall-runoff, estimation of sediment yield and modeling of water quality (Mizumura, 1995; Kato, 2005; Lee and Singh, 2005; Paik et al., 2005; Huang et al., 2007) . A layout of the tank model with three tanks is shown in Figure  2 . The storage of the top tank is attributed to rainfall and evapotranspiration. The storages of the middle and bottom tanks are attributed to the percolation from the top and middle tanks, respectively. The storage of each tank is discharged through the side outlet(s) and bottom outlet except the bottom tank which has no bottom outlet. Each tank represents a particular runoff component of streamflow -the top, middle and bottom tanks with surface runoff, interflow and baseflow, respectively.
In Figure 2 , HA1, HA2, HA3, HB and HC are the heights of side outlets; A1, A2, A3, B1 and C1 are the runoff coefficients; and A0 and B0 are the percolation coefficients. The runoff, infiltration and percolation coefficients have units of time inverse. It is to be noted that these coefficients are the reciprocals of the storage coefficients (delay time constants) of a linear reservoir model. The tank model operates on two basic principles:
(a)The rate of runoff (Q) through an outlet is proportional to the water head over that outlet; the rate of percolation (f1) from the top tank is proportional to the free water available in the tank; and the rate of percolation (f2) from the middle tank is proportional to the available storage in the tank. The basis of this principle lies in experimental results. (b)The principle of conservation of water volume for each tank.
Data on rainfall, evapotranspiration, runoff, watershed drainage area, etc., are necessary for the calibration of the tank model. The calibration technique is such that the initial runoff and percolation from each tank are estimated first for a given storage in the tank. Total runoff is then computed by summing up individual runoffs and multiplying with the watershed area. From the initial storage, runoff and percolation, and from the rainfall and evapotranspiration of the following time period, the storage of each tank is estimated for the next time period using the volume balance technique. From the resulting storage, runoff is calculated. This process of storage and runoff computation is repeated until the last time period of available data. All these steps yield residuals and hence the sum of squared residuals corresponding to the preliminary set of parameters. The final set of parameters is obtained by minimizing the sum of squared residuals using a non-linear least squares computer program.
In Bangladesh, there are two distinct climatic seasons: monsoon (June-October) and dry (November-May). In the dry season, there is little rainfall, particularly during the winter (November-February). The moisture in the top soil frequently falls below the field capacity. During this period, an upward movement of soil water may occur from subsoil to topsoil depending on the relative dryness of the topsoil. Also, within a soil layer, water may move from the wet to the dry moisture zone. To account for this phenomenon, the top tank is further divided into two sub-tanks with primary and secondary soil moisture storages. This modification is necessary to avoid the criticism extended to another form of the tank model for the model's unidirectional water movement mechanism (Franchini and Pacciani, 1991) . This modification increases the tank model parameters by six. The upward movement of moisture from the middle tank to the top tank is given by:
( 1) where, XP = actual water content of the primary sub-tank, PS = saturation capacity of the primary sub-tank and TB = a coefficient to be estimated during calibration. The upward flow of moisture continues as long as the primary sub-tank is unsaturated and provided that the middle tank has free water. The moisture exchange between the two sub-tanks is governed by the equation:
where, actual water content of the secondary sub-tank, SS = saturation capacity of the secondary sub-tank and TC = a coefficient to be estimated during calibration. PS XP and SS XS denote the relative humidity in the primary and secondary sub-tanks, respectively. 2 T can be positive or negative. If it is positive, water transfers from the primary sub-tank to the secondary one and vice versa.
The hydrologic response of a watershed depends largely on its land and channel characteristics. With the traverse of a river from its source in the mountains to its outlet in a sea, ocean or floodplain, the dominance of the land phase decreases with the decrease in watershed elevation, slope, overland flow, etc., and that of channel phase increases with the increase in channel storages. To take into account the effect of channel storage on streamflow hydrograph, the overland flow from the top tank and the interflow from the middle tank are routed using an additional tank in series. This routing tank has a side outlet with a height of HD and a discharge coefficient of D1. Further details of the tank model can be found in Sugawara et al. (1984) .
3.HYDRAULIC ROUTINE FOR SIMULATION OF STREAM TEMPERATURE AND SEDIMENT YIELD

STREAM TEMPERATURE
Using the discharge output of the tank model as an input to a hydraulic routine, which is based on regime theory and resistance laws, the water depth ( h ) and velocity ( u ) can be obtained. The evaluation of stream water temperature can then be carried out with the following equation:
where, T0= water temperature at a upstream section of a stream,
water temperature at a distance x downstream, Te equilibrium temperature, k = surface heat exchange coefficient, c = 4190Jkg
-1 is the specific heat of water at constant pressure and p = water density.
SEDIMENT LOAD
The vertical equilibrium Rouse profile, which combines logarithmic velocity profile and parabolic diffusion coefficient, for suspended sediment concentration of C with a median diameter of D is given by: (4) where, Rouse parameter. The possible maximum concentration ( b C ) of muddy material at a lake bed can be approximated by (Celik and Rodi, 1985) : where, k1 = 1.54 and k2 = 2.12 have been suggested by Kerssens et al. (1979) and k1 = 1.56 and k2 = 2.0 by Tsujimoto (1986) . The total sediment load is computed by integrating C in equation (4) over the water depth.
SIMULATION RESULTS AND DISCUSSION
4.1STREAM FLOW HYDROGRAPH
We applied the above Tank Model to simulate the daily discharge of the Lungla River at Motiganj, which is located at the entrance of the Hail Haor (Figure 1 ). The river originates in the Indian State of Tripura and enters North-East Bangladesh through Srimangal Upazila of Moulvi Bazar District. It has a watershed area of about 610 km 2 and a length of 45 km. The river is flashy in its hydrologic behavior. The discharge data for model calibration and validation were collected since March 1988 from the Bangladesh Water Development Board (BWDB), Dhaka. The rainfall and pan evaporation data of Srimangal were also collected from the BWDB and the Bangladesh Meteorological Department, respectively. 
STREAM TEMPERATURE
Using the output, discharge, of the tank model, the velocity and depth of flow of the Lungla River at Motiganj were estimated. Assuming different T0, Te and k for different months, the daily water temperature at Motiganj was calibrated using equation (3). The length of the Lungla River, which is about 45 km, is taken as the distance x between the upstream section and downstream Motiganj. Equilibrium temperature for a month was considered to be linearly related with air temperature of that month (Caissie et al., 2005) . The parameters were estimated such that the sum of squared errors between the observed and calibrated temperatures is minimized. The estimated parameters along with the average monthly air and water temperatures are given in Table 2 . A time series plot of the measured and estimated water temperatures is shown in Figure 4 . It is seen from the figure that the estimated temperatures follow the observed pattern of water temperatures quite well except for the months of July and August. If we had allowed initial and equilibrium temperatures to vary on a weekly basis instead of monthly as suggested in Bogan et al. (2003) , we could obtain a better fit. As we had measured water temperature data for only one year (May 1995 to April 1996), we did not attempt a weekly calibration to avoid large parameter uncertainty. 
SEDIMENT LOAD
We estimated the suspended sediment concentration of the Lungla River at Motiganj using equations (4) to (7). The estimated sediment flux is given in Figure  6 . We had five sets of measured suspended sediment and Nephelometric turbidity unit ( . This was safely within the estimated volume flux of sediment. The simulated sediment concentrations from January to December were found to be about 244, 231, 380, 545, 2501, 2904, 2250, 1864, 1604, 1161, 436 . Dividing the sediment yield with the haor area, we obtain a sediment thickness of about 14.7 mm. With a porosity of 40%, the average height of sediment deposits over the lake bed is found to be about 24.5 mm per annum with a standard deviation of 8.8 mm. There is some qualitative evidence of such siltation in the haor areas, although no quantitative information is available. It is to be noted that the BWDB measures sediment load in the rivers of Bangladesh and the organization has no recorded data for the Lungla River and, as such, we could not make a rigorous calibration of the sediment routine. Furthermore, an average uniform sedimentation over the lake bed is assumed discounting spatial variation. Furthermore, the haor basin is still under the process of subsidence. 
THERMAL STRATIFICATION
Air and water temperatures in a vertical array in the Hail Haor were recorded hourly during 1995-96 by using six temperature sensors equipped with an automatic data acquisition system. The sensors were placed at one meter vertical interval: 0.3 m, 1.3 m, 2.3 m, 3.3 m, 4.3 m and 5.3 m above the haor bottom. Thus, the number of sensors recording water temperatures varied with the water level in the haor. Depth of water in the haor was also recorded hourly with a water level gauge. The details of the data collection system are given in Oka et al. (1997) . A window of the measured temperature and water depth for the period of July to October in the monsoon season is given in Figure 6 . It is seen from the figure that the water temperatures vary over a range of about 7 0 C in the summer monsoon -the variation in temperatures closer to the water surface is higher than that closer to the bed. Thermal stratification occurs in the haor during sunny and calm weather conditions. However, large flash floods cause destratification of the thermal regime and complete mixing of the water column. Such de-stratification occurred about 4-5 times in the monsoon of 1995. De-stratification due to flash floods lasts only for a couple of days. An important feature of the haor thermal behavior is that water temperatures decrease largely during the flood and recover to the equilibrium level after several days. Haor water in the event of a large flood is cooled by the on-rush of cool rainfall-runoff, latent heat transfer (evaporation), thermal conduction and back radiation in absence of solar radiation (Okubo, 1997) .
ADVECTION FLUX
The advection flux is given by: . The advection flux is found to be sensitive to flash flooding. The absolute magnitude of the flux is higher during the flood period. However, the hourly fluctuation of this flux is found to be lower during the flood period compared with the pre-and post-flood period fluctuations. This is because of the stability of the thermal stratification during high flow regime on sunny days. It thus appears that the river advection is not very important in the case of Hail Haor during high flow regime under calm weather.
BUOYANCY FLUX
Total buoyancy in a water column can be obtained by integrating the local buoyancy:
where = a coefficient of thermal expansion of water;
vertical temperature difference from the bottom sensor reading.
The rate of temporal change in total buoyancy is the vertical buoyancy flux. Such flux at a height of z from the lake floor can be calculated as: Figure 7 shows the estimated total buoyancy along with the water depth during the monsoon of 1995. It is seen from the figure that the flash floods correspond to reduced total buoyancy as a result of thermal de-stratification.
We estimated this flux at the free water surface for the Hail Haor and smoothed out using a 24-point moving average to suppress random fluctuations in hourly data. The estimated buoyancy flux during the monsoon of 1995 is shown in Figure  8 along with the total buoyancy and advection flux. The buoyancy flux does not contain the temporal change in the bottom temperature for the reference density and such change is taken into account as a horizontal advection flux using equation (8 
HEAT FLUX
Heat flux can be estimated from the buoyancy flux using the following equation (Imboden, 2003) :
We estimated the heat flux of the Hail Haor using the data of 1995-96. The flux was then smoothed out using a 24-point moving average filter to reduce the noise in the hourly data. It was found that the heat flux in the Hail Haor varies between -550 and +500 W m -2 depending on date and time of the day.
RICHARDSON NUMBER
Richardson number due to thermal stratification is given by the ratio of total buoyancy to friction velocity. It can be estimated by the following equation:
We estimated i R using friction velocity of the Lungla River. The energy slope was assumed to be constant and equal to the river bed slope. Thus, the friction velocity depends only on the flow depth of the inflowing river. 
CONCLUSION
The processes of sedimentation and thermal stratification in relation to flash floods in the Hail Haor of the North-East Bangladesh are studied. A coupled hydrologic-hydraulic modeling approach was followed to simulate the discharge, water temperature and sediment load of the Lungla River at the entrance of the haor. The hydrologic model used is the tank model having soil moisture and channel routing components, and rainfall and evapotranspiration inputs. The hydraulic routine is based on the concept of equilibrium temperature, regime theory, resistance laws and Rouse profile for sediment concentrations. It also uses the tank discharge as an input. It is found that water, temperature and sediment hydrographs can be successfully simulated using this coupled modeling approach. The simulation result reveals an average annual sedimentation of 25 mm in the Hail Haor, which is a seasonal lake. 
